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determine a nature of J=0 Omega-Omega
Interaction, attractive or repulsive
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Construction of the potential

Q.What is the wave function in QCD ? A. Nambu-Bethe-Salpeter(NBS) wave function

Q) interpolating filed

Pr(r) = (0] (r)2(0) [R(k)(—k); in)

BeCCI UsSe same quntum number Q-0
NBS wave has the same asymptotic form of the
scattering wave in quantum mechanics. . sin(k'r _m
"/’k(r) ~ ezé(k) 2
Wave function<phase shift—~S-matrix T kr
[C-J.D|Lin et al., NPB619(2001)467.]

Energy independent potential U(r,r’) is defined from NBS wave function.

because of

2
(k_ 4+ ivz)z/)k(r) — /d3r'U(r, r" ) (x’)  This potential reproduces the phase shift faithfully
m o m

we can extract a potential(interaction kernel) which is defined through the NBS wave function which gives
the correct scattering phase shift at asymptotic state.



Symmetry of Q-Q

() operator is defined as

1
— ( y is spinlj IS spin—j
Qa,k — eabcsa( ‘)’k)SbSc blue is spin index, red is spin_ index

We treat spin 3/2 made from spin 1 and spin 1/2 linear combination
by using highest weight construction

3
*one () case( spin_ )

- 1 ® - 1 - 3 @ - 1
spin— ® spinl = spin— @ spin—
p > p P > p >
*consider two () case ( -Q) interaction)

3 3
sping X sping = spin3d @ spin2 @ spinl G spinld




Symmetry of Q-Q

Conserved quantity J, J., P

*parity p = (—1)%

- quantum spin (—1)° 11
fermionic condition

(—1)F x (=1)°T! = -1 « P12 = —P2iP

Which L ,S is allowed at J¥

P=+ P=-
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J=4 §=21=2,S=01=4,5=21=4 ,5=21=6 | S=3L=1,S=]L=3,5=3=3,5=]1=5,5=3 L=5,5=3 =7
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Lattice set up

We used 2 sets (Small , Large)

Lattice volume L =1.950(30) [fm] L =2.902(42) [fm]
Ks = 0.13710 Ky q = 0.13760 Ks =0.13640 K 4 = 0.13700

hopping parameters
Mg = 2104(8)[MeV] M, = 875(1)[MeV] | Mg = 1966(6)[MeV] M, = 701(5)[MeV]

B 3=1.83 3=1.90
lattice spaceing a =0.1219(19)[fm] a = 0.0907(13) [fm]

®RG improved gauge action & O(a) improved Wilson quark action
e flat wall source(P=0)

CP-PACS/JLQCD Collaborations: [T. Ishikawa, et al.,Phys. Rev. D78 (2008) 011502(R) ]
Experiment value of Q mass is [1672 MeV] PACS-CS Collaboration: [S. Aoki, et al.,Phys. Rev. D79 (2009) 034503 ]



Results of the small volume
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Q-Q Potential (Small volume) update

1200

1000

800

600

V(r) [MeV]

400

200

enlarged view

.........................................................................................................................................................................

02 04 06 08 1 12 14 16 1|8

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

t is relative time between source and sink

t =1ty — g Caa(@, Y, t1,t0) = (0| T, t1)Y, t1)2(0, £0)2(0, to) |0)



0Q-Q Potential (Small volume) update

enlarged view

q h
)
a \ . . . . . .
! : : : : :
. ) : : : : :
=7/ : : : : : :
\ : : : : : : : \
............ - ll
X : : : : : : :
v . . . . . . .
b : : : : : . --'
: : : : : : . . E LT
[ Y . . . . H | H e
3 : : : : .
f : : : : : 4 § | b S48

‘H
illl i
1l

;iii =
I ||||
il

V(r) [MeV]

...........................................................................................................................................................................................

: . : 1.6 1.8
: r [fm] attractive pocket
repulsive core

t is relative time between source and sink depth 95 Mev

t =1ty — g Caa(@, Y, t1,t0) = (0| T, t1)Y, t1)2(0, £0)2(0, to) |0)
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Phase shift & Binding energy (Small volume)

We found bound states, but binding energies are very small.
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Binding energy

Phase shift & Binding energy (Small volume)

We found bound states, but binding energies are very small.

Scattering length

because there is a negative state (bound sjdte).

scattering state

bound state

This is the phase shift of the scattering state.
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Results of the large volume
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Q-Q Potential (Large volume)
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Q-Q Potential (Large volume)
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Phase shift (Large volume)
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Strongly attractive, but no bound sate exits.
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Phase Shift
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phase shift [degree]
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E [MeV]
Strongly attractive, but no bound sate exits.



Large vs Small
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Conclusion

» We extended HAL method to decouplet-
decouplet system.

» We showed small volume and large volume
results.

» J=0 Omega-Omega interaction is strongly
attractive but we can not decide whether the
bound state exists or not due to large errors.
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Back up slide

comparison Luscher method, HAL method(phase shift 1r-1T in I=2 channel)
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1 1
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V=(2.76 fm)> +—a—
V=(3.7tm)°® +—=—

V=(5.5 fm)*

m’"'ﬂu.;

SY—
nnnnnnnnnnnnnn

“““““““

N =16,24,32,48, N,=128 a=0.115 fm,
(quenched QCD, m =940 MeV)

Kurth, Ishii, Doi, Aoki & Hatsudaq,
arXiv: 1305.4462 [hep-lat]

The result of phase shift have been found to agree well between the two methods!

50

100 150

It’s difficult to compare these methods without calculating finite volume method at large t and

more statics!



Back up slide

Mass dependence (N-N interaction)
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Fig. 5. The central potentials in the 'Sy channel for three different quark masses.

We expect Q-Q is similar to N-N case [Sinya Aoki et al. Prog. Theor. Phys. 123 ,89]



Large vs Small
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S=0 < a special circumstance in Q-Q system

* flavor is completely symmetry

- wall source

source operator a,b,c: color index

Q= eabc(7kC)37§g§g§,,cY «,B,y: spin index
highest state in Q-Q (spin3)
—a —=b —C —a —=b —C .
51 (w)s% (m)sa (m)s% (y)s% (y)sa (y) For simply neglect €, YC

We can make all state using lowering operator

spin3=spin2=spin1=spin0

FOI‘ exam ple one term of spin2 state

(@)% @7 ()5 W W74 W)

spin2 term is written by linear combination of these terms.



Spin2 state should be 0



59 (2)5% (2)55 (2)5% (9)35 (4)5°

wall source= (25‘3:_(:1:)) (Zgg(m')) (Zs‘;(w”)) (Zs@;(y)

Y

\ fermionic /

8

(y)) (Z?’;(

) (zem) (30

1(y)

) (Zﬁz.(y')) (Zﬁ‘i%(y”))
Y’ y”

<m>) (zs';(w')) (zs;w)) (Zs‘;(y)) (ng

Spin2 state should be 0



5% (2)53 (2)5% ()35 (¥)51 ()52 1 (v)
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=0 Spin2 state should be 0
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@ ax’ Y y’
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Yy

( %(y)> ( %(w')> (23 (w”)) (Zm: z(m)) (y’ 3';(y’)) (%;?i%(y”))

X,y are inner arguments

( %(w)> ( 53" ) (Zsl(w”)) (Zgg(y)) (;%(#)) (;Ei%(y”))

Spin2 state should be 0

Spin0 remain



Existence of energy independent nonlocal potential

We assume linear independence of NBS wave function
There is a dual bases

[ @i () = (26 (K — k)

We define K
Ki(r) = (V2 + k)i (r)
dsk’ 3 7, / /
= | G [ 1 ()
([ d3K’ - ,
= [ { [ &5 K i) e
If we define
1 » dSkl .
U(r,r') = E/ (277)3Kk'(7’)¢k'(7',)

Then we have

Co () = [ @0 ()




Construction of the potential

Extraction of the NBS wave from Lattice QCD
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Excited states are suppressed exponentially at large t-t,
We can get the NBS wave at ground state
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Excited states are suppressed exponentially at large ¢ - ¢, tinelastic contributions
We can get the NBS wave at ground state




Construction of the potential

Extraction of the NBS wave from Lattice QCD

Coa(®, Y t, to) = (0| (=, )2y, t)?(oa to) (0, to) |0}
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Image
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HAL QCD method

[N.Ishii et al.,PLB712(2012)437.]

Time dependent Schrodinger-type equation

| -

1 92 )
v — —)R= [ d’'U(r,7)R
[(4m8t2+m 3t) /r (ry 1) ]




HAL QCD method

. . . [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-type equation

—)
R-correlator is defined as W, = 2\/m2 + k % —2m
POL 3 n(re Wt

R =

| -

1 8?2 17,
v2— VYR = [ d&'U(r,v")R
[(4m8t2+m 8t) /r (r,7) ]




HAL QCD method

. . . [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-type equation

R-correlator is defined as W, = 2\/m2 + ?% — 2m
R=200 5 (e ®
- /_\
2 S Wagnre et = Y (En W (et
ot —~ —~ m 4m

| -

1 82 5]
v2— —)R= [ dr'U(r,7')R
[(4m8t2+m 8t) /r (r,7) ]




HAL QCD method

. . . [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-type equation

—)
R-correlator is defined as W, = 2\/m2 + k % —2m
R= 200 = Y gur)e @
0 /Wt_>2 wW? Wt
—_R —_— Wn n - NnY — __n __ __ - — ¥Wn
pi 7= 2 Wadn(r)e 2 (S = g )on(n)e
(1  From identity
a—.
wo_ kn_ W,
" m 4m

w2 1
n - 1 (4m? + 47;: + 4m? — 8m\/'m2 4 Tcé)
m

4m

& 2 =
( 1 2 N 1v2 B)R /d ’U( ,)R =2m+#—2\/m2+ k?;
—V* — —)R = rU(r,r
4m Ot2  m ot ’ 22
= —= —-W,




HAL QCD method

: : . [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-type equation

—)
R-correlator is defined as W, = 2\/m2 + k % —2m
R=200) - Z%
9 Wt~ k2 WP Wt
—aR = . W dn(r)e = ;(? - R)qbn(r)e
— _'n _ — Wt
Z( m  4m 8t2)¢”( r)e” _j @

—(—— )R+/drU('r,r)R

@ NBS wave function satisfies Schorodinger eq.

1 82 1 9 .
[(4,,, ozt —V — 5 R= / dr'U (r, "")Rj Co ot () = [ @ UG yn(a)

4771,32




Time depend method

: . , , [N.Ishii et al.,PLB712(2012)437.]
Time dependent Schrodinger-like equation

4 N
1 92 1 5.
| v 2 R = [ dr'U YR
(4m Jdt? m Bt) / ru(rr)
\_ J




Time depend method

[N.Ishii et al.,PLB712(2012)437.]

Time dependent Schrodinger-like equation

4 )
1 02 1 O
| V2 R = [ dr'U YR
(4m Ot? m Bt) / rU(r, )
\_ J

We can calculate energy independent non-local potential
without relying on the ground state saturation!




fit function dependence

fit function
bor par?y €07
Gauss + Yukawa f(?“) — 1716_ 2T b3(1 _ e bar )
r
i ) =
2 5 6—[)5?“
Gauss + Yukawa’\2 f(T) — ble_bQ”’ + b3(1 _ €—b4’l“ )2( )2
T
i ) =

2Gauss + Yukawa”*2 f(fr.) — 616—527“2 b36—b47“

lim f(?“) — bl —|—b3

r—0



